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SECTION I

METHYL-ETHYL IMIDAZOLIUM CHLORIDE ALUMINUM CHLORIDE MELTS

The family of ambient temperature melts which result from

mixtures of 1,3-dialkylimidazolium chloride and aluminum chloride

was discovered at the Frank J. Siler Laboratories. The most

extensively investigated room-temperature melt consists of

l-methyl-3-ethylimidazolium chloride(I) and aluminum chloride in

various mole ratios. These melts have interesting properties

which include: low liquid temperature, anhydrous aprotic

solvent, large electrochemical window and good conductivity. We

desire to prepare, characterize, identify these melts and to

study their electrochemical and spectroscopic properties. Of

particular interest are the redox properties of various lantha-

nide elements.

1.1 PREPARATION AND PURIFICATION OF MEIC

1-methylimidizole was reacted with ethylchloride, by con-

densing the gas within a pressure bottle at 45 degrees centigrade

for a period of a week with occasional shaking. The use of both

a lower reaction temperature and a longer reaction time resulted

in a higher yield ( 1'2 ) of the desired product, MEIC. Evidence

of the formation of the solid MEIC usually appears after a time

period of a week with occasional shaking. The use of both a

lower reaction temperature and a longer reaction time resulted in

a higher yield of the desired product, METC. Evidence of the

formation of the solid MEIC usually appears after a time period

1
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of three days under these reaction conditions. At the end of the

reaction period, the pressure bottle was allowed to cool to near

room temperature and subsequently cooled further within an ice

bath. CAUTION must be exercised here because there is usually a

residual positive pressure within the reaction vessel and care

should be exercised in opening the neoprene stopper. The small

amount of liquid remaining within the bottle was poured off and

discarded in a well ventilated hood. The pressure bottle was

stoppered with a Calcium chloride drying tube and warmed to a

temperature of 40 degrees centigrade until all visible signs of

remaining ethyl chloride were removed.
0

The purification of MEIC was carried out as follows. MEIC

wa purified twice from acetonitrile/ethylacetate and ethyl ether

mixture. All experiments were carried out under an atmosphere of

dry nitrogen. Solvent removal and further purification were

achieved under vacuum. Aluminum trichloride was usually purified

by sublimation of 5 N's pure material obtained from Alfa

Products.

1.2 PREPARATION OF THE MELT

Reaction of MEIC and aluminum chloride is highly exother- %

mic. Caution should be taken during melt preparation. Small

quantities of the melt (50 grams) were prepared by slowly adding

aluminum chloride in small portions to a weighed amount of MEIC

in a nitrogen atmosphere. Melts of various compositions were

prepared and compositions were usually expressed in terms of the

2
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mole fraction of aluminum chloride present. The following ter-

minology was used:

MEIC/A1Cl3 mole ratio 0.6/0.4 or 0.4 melt (basic)
0.5/0.5 or 0.5 melt (neutral)
0.4/0.6 or 0.6 melt (acidic)

Melts which were to contain metal ions were prepared by

dissolving anhydrous lanthanide or uranium chloride salts

therein.

1.3 IDENTIFICATION OF THE MELTS

1.3.1 UV/VIS Spectra

Up to a mole fraction (N) equal to 0.5 aluminum

chloride, the dominant species in the melt is the AlCl 4-1 ion.

Above N=0.5, a further species Al 2C1 , controlled by the

equilibrium shown below begins to appear.

AlCl - + AlCl < ------ > Al 2C1 14 3 27

At about N=0.7 higher polymers, Al Cl (n>3), may also be
n 3n+l

present. During our investigations with a series of melts

(N=0.33-0.67), we observed that the basic melts (N<0.5) exhibit

an absorption edge cut-off at 250 nm. The aluminum tetrachloride

ion in these melts probably absorbs at about 246 nm (Figure 1).

Slightly above 0.5 (N=0.5003), where the molar con-

centration of Al 7 is approximately 0.0012, the sample showed

a strong absorption peak at 282 nm. Upon addition of more alumi-

num trichloride, i.e., by changing the concentration of Al 2C 7 -

3
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we observed an increase in the intensity of the 280 nm peak. At

a mole fraction N=0.6665, where virtually 100% Al 2Cl 7- is pre-

sent (molar concentration 0.9985), we observed the maximum inten-

sity of the 280 nm peak with a concomitank presence of a shoulder

around 335 nm. The shoulder is tentatively assigned to the

absorption of some higher polymers of aluminum chloride ionic

specie. The results are summarized in Table 1.

These very significant observations allow us at

present to identify the melt systems quantitatively in a non-

destructive manner, and this method will be used in the future to

characterize the modified melts.
S

1.3.2 Infrared and Raman Spectra

The melt samples did not lend themselves to either

normal dispersive IR or FTIR investigations, because they are

sealed under vacuum in 3 mm cylindrical quartz tubes, which are

transparent to IR radiation only from 30-400 microns. However,

the quartz is ideal for Raman spectral studies. The use of cells

incorporating other types of window material, like germanium,

would allow infrared studies to be made. An infrared study of

the melt by conventional technique was made by sealing a smear of

the melt between two CsBr plates. Figure 2 shows the infrared

spectra of 0.4 and 0.6 melts. The species present in the 0.4

melt is predominately AlCl 4 belongs to the group Td . A group

theory analysis of this symmetry group predicts two infrared

active bands P3 and P4 belonging to the F2 class (Table 2). The

4[6d (YXY)I frequency predicted to be around 180 cm -1 could not

4 d



TABLE 1

Ultraviolet Data on MEIC-AlCI 3 ROOM TEMPERATURE MELTS

SAMPLE N [Cl ] [AlC 4 ] 4 [Al2C7 ] OD2 8 5

MEICAL 1 0.3343 0.4978 0.5022 -- 0.69

MEICAL 2 0.3500 0.4615 0.5385 -- 0.63

MEICAL 3 0.4000 0.3333 0.6667 -- 0.69

MEICAL 4 0.4501 0.1815 0.8185 -- 0.66 .

MEICAL 5 0.5003 -- 0.9988 0.0012 1.38

MECIAL 6 0.5503 -- 0.7763 0.2237 1.51 A

MEICAL 7 0.6013 -- 0.4918 0.5082 1.63 h

MEICAL 8 0.6500 -- 0.1429 0.8571 1.03*

MEICAL 9 0.6665 -- 0.0015 0.9985 2.67

Optical density (OD) for a path length of 3 mm.

It is not known why the optical density of this sample
is lower than the previous ones.

6
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TABLE 2

Infrared Analysis of Tetrachioroaluminate Ion

v1 V 2  V3  4

[v s(xy)] [6 d(Yxy)] [v d(xy)] [6 d(Yy)]

AE F 2F 2

(R) (R) (IR,R) (IR,R)

350 120 490 180

8



II

be observed in the present case due to instrument limitation.
-l

The strong peak at 478 cm is identified with the P3 [Pd(XY)I IR

active vibration in Aid- moiety present in the 0.4 melt.
4

The Raman spectrum of a 0.33 melt having slightly

lower concentration of aluminum tetrachloride ion produced Figure

3 with the expected Raman bands at 120, 182, and 352 CM due to

V2' 4, and PI vibrations of the AIC moiety, respectively.

The intensity distribution among these bands is in good agreement

with the predicted one, 350 cm-1 , being the strongest.

The infrared spectrum of a 0.6 melt, containing

equal amounts of AiC 4 and A 2C 7 - exhibited two additional
4 2

peaks at 378 and 320 cm in the infrared. These peaks are due

to the AI2CI7 moiety. The corresponding Raman spectrum (Figure
-l

4) of 0.66 melt shows the 318 cm band as the strongest with a

weaker and much broader absorption around 438 cm - . These fre-

quencies are assigned to the bridged Al--Cl--Al moiety within the

A2 C7 species. A more detailed analysis is in progress. The

most significant obstacle to overcome in Raman measurements is

the background fluorescence. In the present case there is no

exception, all melts showed strong fluorescence. We anticipate

in the near future to have available spectroelectrochemical capa-

bilities specifically fourier transform electrochemical methods.

1.3.3 Fluorescence Spectra

Fluorescence measurements by optical (nV/near VIS)

pumping often yield information on the nature of both the ground

and the excited states of organic and metallo-organic complexes.

9
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This is a very sensitive method of identifying organic chro-

mophores.

The excitation spectrum of a 0.4 melt shows excita-

tion maxima at 270 and 395 nm with a weaker shoulder at 355 nm.

These UV excitation bands are primarily due to the cationic MEIC

(imidazolium cation) moiety. Excitation of the melt at these

wavelengths produced fluorescence (Figure 5) which is broad and

may be resolved into two components with a maxima (fluorescence)

at 445 and 470 nm. The 445 nm band is easily identified as being

due to the fluorescence from the organic moiety in the melt

(i.e., l-methyl-3-ethylimidazolium cation). The broader higher
0

wavelength at 470 nm is tentatively assigned to the induced mole-

cular luminescence from trivalent aluminum in AlCl anion. Such
4

molecular fluorescence has been observed earlier in coordination
0

complexes of AI(III) with organic ligands. The luminescence

spectra of the lanthanides and other spectroscopic data for metal

ions in the chloroaluminate melt are presented in the next sec-

tion along with the electrochemical data discussed as individual

ions.

1'
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Figure 5. Excitation and Fluorescence Spectra of 0.4
Chloroaluminate (MFTC--A]('13 ) Melt at Room
Temperature.



SECTION II

ELECTROCHEMISTRY

The electrochemical windows of the chloroaluminate melts

(MEIC-AlCl3 ) are limited by the reduction of the imidazolium

cation and the oxidation of Cl-, AlCl 4 or Al 2 C1 7- depending on

the melt composition. Below 0.5 mole fraction of AICl 3, the

anodic potential is strictly governed by the oxidation of free

Cl ion and this positive limit is about 1.0 volts (Figure 6),

with respect to an aluminum in 0.6(MEIC-AlCl 3 ) melt reference

electrode. The corresponding electrochemical window of a 0.6

melt is 2.35 to -0.05 volts with respect to the same reference

electrode. (2,3)

2.1 ELECTROCHEMISTRY OF CERIUM

The most extensively investigated lanthanide ion is tri-

valent cerium which has a 4fI electronic configuration. The EO

value for the Ce(TII)/Ce(IV) redox couple is strongly dependent

upon the electrolytic medium used, exhibiting the effects of dif-

fering complexation of the cerium. Thus the following E* values

were observed.

MEDIA E0 (volts vs. SHE)

iM HClO 1.70
4

1PI HNO 3  1.61

II H2sn 4  1.44

2PI HCl 1. 28

5.5M K 2Co 3  n.n5

0.4 Plelt (M()I'l.7('1 ) ().Tq (F !

14
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The simple carbonate ion that is capable of bidentate coor-

dination is able to lower the redox potential by about 1.6 volts

from the non-coordinating ligand medium of perchlorate. The

species which is probably undergoing redox reaction in carbonate

medium is probably the tetra-carbonato-Ce(III) anion. From

extensive spectroscopic studies Sinha established the presence of

the tetra-carbonato species for all the lanthanides in aqueous

carbonate solutions, having M:CO 3 - ratios of 1:50 at pH=12.

The cyclic voltammograms of the Ce(III)/Ce(IV) couple in

0.4 melt is shown in Figure 7. From this data we calculate the
P-3 pi

quasi-reversible rate constant of 1.20 x 10 cm/sec. The nature J

of the electroactive species was deduced from a study of the melt

containing Ce(III) by UV and IR spectroscopies. The IV spectrum

exhibited a strong and broad band between 310 and 350 nm. This

is due to the 4f-->5d type transition in Ce(III), a 4f ion. The

position of the peak agreed with those observed previously for

the chloro complexes of Ce(II1).
0

The IR spectrum also showed a Ce-Cl stretching peak at

280 cm [Figure 2(c)] in addition to the AIC14  peaks. The

presence of peaks at 280 cm -1 region was found for hexachioro-

complexes of cerium, thus confirming the presence of a

hexachloro- Ce(III) complex within the melt. The final confir-

mation of the trivalent state of Cc came from the fluorescence

spectral studies. As a result of exciting Ce(TIl) in 0.4 melt

with 319 nm light, we observed a peak at 370 nm with indication

of another maxima at 410 nri :,wperimpo, ()n the !ro'ad

16'"
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Figure 7. Cyclic Voltammogram of 0.4 Chloroaluminate
(METC-AIC13 ) Melt Containing CeCL3, Showing
Quasi-Reversible Behavior.
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fluorescence of the melt (Figure 8). The position of these peaks

were further confirmed from a synchronous fluorescence study.

The nature of fluorescence and the position of the peak confirmed

first, the trivalent nature of Ce in the melt (0.4) and secondly,

that the species is a chloro-complex. Taken altogether, the

experimental data confirmed the presence of che predominant
-3

species as CeCl6  , hexachlorocerium (III), in 0.4 melt

undergoing redox reaction.

2.2 ELECTROCHEMISTRY OF URANIUM

Uranium presents an interesting challenge to the electro-

chemists. The oxidation states of uranium may vary between plus

three and six. The ususal species present are U(III), U(IV),

UO2+ and UO2+ 2 . In aqueous solution "naked" U(V) and U(VI) are

rare. The following electrode reduction potentials are observed

for aequeous solutions of uranium:

+2+

UO 2  ------ UO 2 ------ U(IV) ----- U(III)
-0.631

0.063 0.58

0.32

Our aim was to prepare a solution of U(IV) in 0.4 melt and study

its electrochemical and spectroscopic properties. The choice of

U(IV) came from the assumption that it is an interesting starting

point in the above series, in that it could be reduced to the

trivalent species and in the anodic wave we might be able to

observe oxidation to (IV) or possibly 11(V).

.' -I
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Figure 8. Fluorescence and Excitation spectra of ('e(iri)
in a 0.4 PIEIC-AlCl3 melt.
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However, during the preparation of [J(IV) solution in 0.4

melt we observed the change of color of "U(IV) solution" from

green to yellow. Absorption spectral studies of the "yellow"

solution showed no bands due to U(IV) or U(III). The yellow

color is also taken as an indication of the oxidation process

which may have taken place during the preparation of the melt.

The following UV absorption bands were observed for the "yellow"

solution: 299.5, 345.5(Sh) and 392 nm. The spectrum of the

yellow liquid (Figure 9) did not show any characteristic bands

due to hexavalent uranium species UO2 +2.

The spectrum of our "yellow" liquid is identical with that

(4)reported for a nitromethane solution of (C2Hs) 4 NUC16 , where

the predominant species is UC 6 . A comparison of the spectral
6*

peak position and intensity of our "yellow" solution with

(C2 H 5) 4NUC 6 showed an excellent agreement and supports the point

of view that the species present within the melt is predominantly

UC 6 , an unusual U(V) species.

Cyclic voltammetric studies were performed on this unusual

CI6  solution. Voltammograms were obtained by scanning the

glassy carbon working electrode between 0.6 and minus 1.2 volts

(Figure 10). Table 3 summarizes the salient features of these

voltammograms. It is apparent that the redox process is an irre-

versible one. The cathodic peak is due to the reduction of the

U(V) specide to 1(IV). The weak anodic peak current is possible

due to the partial reoxidation of the 1(IV) specie within the

melt. If the cathodic potential is held for several minutes at

%1
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Figure 9. Ultraviolet Spectrum of the "Yellow" Solution of
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minus 0.6 volts, an almost identical current response for the

cathodic and anodic wave was observed.

We now have to address the nature of the oxidizing agent

present in our melt which is able to oxidize U(IV) to 1(V). The

species responsible is believed to be proton (H + ) which results

from minute traces of water present within our melt. The water

comes possibly from the water of crystallization in MEIC.

Partial hydrolysis of AICI - is possible with minute amounts of

water according to the following equation:

AICI 4 + H20 ----- > AlOCI + 2H + + 3 Cl

The protons generated during this process should act as a strong

oxidizing agent in almost anhydrous chloroaluminate melt. With

yet higher concentrations of water complete hydrolysis of the

tetrachloroaluminate to aluminum trichloride might result.

Further work concerning the nature of water within the chloro-

aluminate melt and the electrochemical properties of hexavalent

uranium (UO2 +2) are in process.

2.3 ELECTROCHEMISTRY OF TERBIUM

Most lanthanides produce hexachloro species in

MEIC-AlCI melt (0.4). The oxidation potential of tb(III)/Tb([V)
3

is too high to be measured in an aqueous solution. We have not

been able to observe this redox reaction in 0.4 melt until now.

However, Tb(III) was used as a fluorescence probe in 0.4 melt.

From the IN, time resolved fluorescence spe(,trum and the excited

state liftime measurements, we suspect th, pre! oce of a

24a



hexachloro-Tb(III) complex in 0.4 melt. A comparison of the

excited state (5D) lifetime in 0.4 melt with other laser liquids
4

and gas phase complex ((AlCl ) x (TbCl )] showed the chloroalumi-
3 3

nate melt to be a comparable, if not superior laser liquid.

LIFETIMES OF SPECIFIED SOLUTIONS IN MILLISECONDS

LEVELS AQUO-ION TbCl 3-(AICI 3)x  Tb:POCl 3:SnCl 4  0.4 Melt

5D3  --- 0.29(250C) 0.29(25C) 0.40(25C)

5D4  0.43(25C) 1.52(250C) 2.73(25C) 2.34(25C)

2.4 ELECTROCHEMISTRY IN AQUEOUS SOLUTIONS

In order to make a comparison of the Fp/2 values of various.
+p2

lanthanides and U(IV), O 2+2 in the melt we have started to

measure the values of Ep 2 in 1 M chloride ion solutions using

the same glassy carbon electrode. Figures Il and 12 show the

cyclic voltammograms obtained for Eu(III) and Sm(III) ions in I M

aqueous chloride solution, The systems are electrochemically

irreversible, as evidenced by the larme separation of the anodic

and cathodic peak potentials. The absence of an anodic peak for

the Sm(II)/Sm(II), suggests that the Sm(II) reacts very fast

with the solvent and that no Sm(II) is present within the solu-

tion to give rise to an anodic peak. These studies on aqueous

solutions are in progress together with electrochemical studies

within the chloroaluminate melt.

2.5 SUMMARY OF RESULTS

a.) Studies on those melt.s with [IV and 1 Ppect r,',y

indirate that. ,tuant itativ- idort, ifi at i,ln of the m, i t

are possible usinj these techniqle,;.

e,,"•- .-
% . . . . . . .-



b.) Additional studies are necessary before a similar

statement could be made regarding Raman and

fluorescence spectroscopies.

c.) The large electrochemical windows of the chloroalumi-

nate melts are useful for studying the electrochemical

properties of the lanthanides and uranium.

d.) The Ce([II)/Ce(II) redox couple is quasi-reversible.

e.) The U(V)/U(IV) redox couple is practically

irreversible.

f.) The Tb(III)/Tb(IV) redox process cannot be observed in

the melt.

g.) In aqueous solutions En(III)/Eu(II) is quasi-

reversible but Sm(III)/Sm(II) is practically irrevers-

ible. J*

h.) UV/VIS and fluorescence spectroscopies are helpful in

identifying electroactive species present in 0.4 melt

solutions of the lanthanides and uranium.

i.) There is a good chance that the 0.4 melt may be useful

as an anhydrous laser liquid.

j.) A paper entitled, "Hexachloro Complex of 13ranium(V) in

Room Temperature Ionic Melt," by S. H. Sinha was

published in Lanthanide Actinide Research 1: 195-196,

1986 (A copy is enclosed.)

2.6 SCOPE OF FURTHER S'rIwS

a.) Continued st idie; on the ur:ini um yston is highly

desirable.

26

41 I



Eu (Mf) Agu.

z
w

0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2
POTENTIAL (VOLTS)

Figure 11 . Cycl ic Voltammetry of an AqIupeOuc Solution (A
Eu( 111) in Im Chloride.

27

~ **~*** %~% ~ %



Sm (MI.) Aqu.

I-
z
w

IAA

-1.2 -1.4 -1.6 -1.8 -2.0
POTENTIAL (VOLT)

S

Fiqure 12. Cyclic Voltammetry of an Aqueous ,Solution of Sm(I1l1)
in Im Chloride.

28

~ A d j ~ g ~ ~ e . - ~ -. -



b.) Modify the melt to widen the electrochemical window

and improve the conductivity of the melt.
+2

c.) Studies on Eu(III), Sm(III), Yb(III) and 1102 and2

possibly Pr(III) should be conducted.

d.) Further studies on the use of this melt as a laser

liquid deserve attention.

29
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SECTION III

LITHIUM ELECTROCHEMISTRY IN ACETONITRILE: AN

ELECTROCHEMICAL AND SPECTROSCOPIC STUDY OF ELECTRODE SYSTEMS

3.1 INTRODUCTION

Acetonitrile is well suited as a nonaqueous solvent system

for electrochemical studies because of its physical properties

which include its non-reactivity at many electrodes over a wide

range of potentials (5 ) and its ability to dissnlve substantial

quantities of salts to produce conductive solutions. The recent

work by Keisele (6) on the purification of acetonitrile was used

as a background study for this research. The redox system of

lithium in organic solvents is of interest because of the metal's

attractiveness as an anode material for high-energy-density bat-

tery systems. This attractiveness is due in part to its low

(7)equivalent weight and large standard electrode potential 0

Lithium reacts well as an electrode in primary battery systems,

with the exception of the voltage delay problem, which results

from the formation of passivation layers upon its surface. Its

position as an anode for a secondary battery system is not as

well understood. We believe that a very careful study should he

made on behalf of the lithium acetonitrile system to determine

the reasons, both energetic and kinetic which at present preclude

lithium from being used as an anode within both primary and

secondary battery systems. In addition, we note that little is

understood about the solvation of lithium hy the solvent-

electrolyte and the redox orocez;ses whi e chlur It the lithium

eI ect rode.
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This portion of the research effort concerns the study of

ultra-pure acetonitrile in terms of identification of its

remaining contaminates, its further purification, the purifica-

tion of electrolyte salts and the electrochemical behavior of

lithium electrodes in acetonitrile. We hope to add to the

electrochemical results spectroscopic data including

spectroelectrochemical data in an effort to better understand the

fundamental processes which occur in this system and to then be

in a position to predict which solvent systems might be viable

for battery systems of the future.

3.2 PREPARATION AND CHARACTERIZATION OF SOLVENT-ELECTROLYTES

Acetonitrile, HPLC quality or better, used in this research

was obtained from Fisher, Burdick and Jackson, as well as Alfa

Products. Gas chromatograms were obtained for each from a

Hewlett-Packard Model 5890 capillary column gas chromotograph.

We regularly used glove bags in an attempt to provide an

atmosphere devoid of water vapor. These attempts were only

marginally successful because we were never really certain of the

chemical state within the glove bag nor were we able to document

the reproducibility of the environment within these glove bags at

different times. To remove whatever traces of water might

remain, we passed the acetonitrile through a drierite column. Of

the samples which we used, that provided by Fisher was the best,

being better than 99.94+% pure as determined from capillary GC

II
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using a flame ionization detector (FID). Acetonitrile samples

received from burdick and Jackson were almost equivalent to

those from Fisher. By comparison, the Alfa samples contained

substantial impurity. It is important to note that within the

acetonitrile from all three suppliers, the only organic impurity

found from our capillary GC studies was propionitrile, confirmed

by deliberately spiking the sample with this compound, the next

member of the homologous series. We did not consider this to be

a serious contaminant, since propionitrile should have similar

electrochemical properties to acetonitrile(8)

The visible/ultraviolet (VIS/UV) spectra of all aceto-

nitrile samples, obtained on a Perkin-Elmer Model 4B, were essen-

tially identical, each being transparent down to 200 nm. Typical

GC and VIS/UV traces of the Fisher acetonitrile are in

Figure 13(a) and 13(b), respectively. The absence of a dry box

facility has precluded us from making any definitive conclusions

regarding impurity compounds, including water, which might have

contaminated our solvent electrolytes during the course of our

research. We have proposed that we purchase a glove box for the

next phase of our work.

The electrolytes used were LiClO 4 , LiBF 4 and tetrabutyl-

ammonium tetrafluoroborate (TBATFB) from Alfa Inorganics. Each

salt was dried by subjecting it to a one microtorr vacuum for at 0

least twenty-four hours. The lithium perchlorate was also heated

to 70'C. With these samples we then proceeded to conduct the

electrochemical portion of the research at tho lithium electrode. 0

32
S°



.

1.0
RUN *13 C
AREA %

RT AREA TYPE AR/HT AREA%

0.97 1.2763E+07 SP8 0.083 99941
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Figure 13. (a) Typical Capillary Column Gas Chromatograph of
Acetonitrile Showing Trace Impurity of
Propionitrile.

(b) Ultraviolet Spectra of Acetonitrile Samples:
(A) Fisher, (8) Burdick and Jackson, and (C)
Al fa.
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A quantity of TBATFB was added to the acetonitrile to act as a

supporting electrolyte. Drierite was kept within the glove bag

to collect any moisture as well as an indicator for the

atmosphere. Normal precautions were taken. Prior to the commen-

cement of a study, the bag, containing all necessary equipment,

was purged for minutes, and sealed. After purging, a glass

column was packed with alumina (Sigma Type WA-4). the aceto-

nitrile was filtered through the column, the first several milli-

leters (ml) discarded and the remainder used to fill the

electrochemical cell.

3.3 THE ELECTROCHEMISTRY OF LITHIUM

For these studies platinum was used for both the test and

counter electrodes. The reference electrode was Ag/AgNO 3 (0.1M)

in acetonitrile (AN). Cyclic voltammograms (CV) were obtained at

either platinum or glassy carbon. While we could have used

lithium metal as the working electrode we reasoned that in order

for this solvent system to be viable, it must be capable of

reducing lithium ion to its elemental state. In addition, the

platinum electrode would serve as a good indicator for the

presence of other redox activity within the solvent-electrolyte

system prior to the addition of the lithium ion. In the absence

of lithium ion, the voltage window for the acetonitrile-TBATFB

system was found to be just below five volts as evidenced by the

CV's at platinum (Figure 14).

Addition of lithium perchlorate to the AN-TBATFB system

results in a CV which contains three peaks, (Figure 15), all

34
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minus at 0.1, 0.85 and 1.85 volts versus the reference electrode.

The first of these is probably due to hydrogen reduction, while

the second and third are probably due to the reduction of lithium

on platinum and lithium, respectively. This lithium layer, in

agreement with Pons (9 ) , does passivate rapidly. The severe

reduction in the reduction peaks, particularly at minus 1.85

volts, is most likely due to the formation of a passivated layer.

It is interesting to note that the passivation layer which forms

is soluble. This is readily shown by allowing the electrochemi-

cal cell to sit for a period of several minutes and then

repeating the experiment. The CV obtained will be almost iden-

tical to that obtained from the first experiment (Figure 15). We

have determined that the i is proportional to the square root r-f
p

the sweep rate, suggesting the lithium transport process is

indeed diffusion controlled. In addition, the reduction peak at

minus 1.85 increases with increase in the concentration of

lithium ion in solution.

37
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SECTION IV

SUMMIARY OF RESULTS

4.1 SUGGESTIONS FOR FUTURE RESEARCH

A) Electrochemical measurements can be very useful,

however, the information one could gain from

spectroelectrochemical experiments could be much

greater and much more definitive.

B) We have just acquired both Raman and fourier transform

infrared (FTIR) spectroscopies within the Chemistry

Department at the University of Dayton. We have

commenced work on electrochemical cells for

spectroelectrochemical studies.

C) We suggest that to gain some insights about the ener-

getics of the ion solvation process that spectroscopic

data in pure and perhaps mixed solvent systems be

obtained.

3.
,
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Larihanide Actlnide Res. 1: 195-196. 1986 COMMUNICATIONS

HEXACHLORO COMPLEX OF URANIUM(V) IN ROOM TEMPERATURE IONIC MELT

Shyama P. Sinha
Department of Chemistry, University of Dayton,

Dayton, Ohio 45469, U.S.A.

During our recent electrochemical and spectroscopic investigations 11,21 of solutions of Ce(Il) and
Tb(1) in the room temperature chloroaluminate melt prepared by interacting 1-methyl-3-ethylimida-
solium chloride (MEIC) and AICI, (mole ratio 0.6:0.4, commonly known as 0.4 or basic melt I1), we
became interested in studying the U(IV) system. Spectroscopic studies of Ce(Ill)- and Tb(Ill)-containng
basic melts indicated the presence of a MCle-type c~hromophore in solution.

Dissolution of UCL4 (Alfa Products) in the basic (0.4) MEIC-AICI3 melt, under dry nitrogen, occurs
giving a green U(IV)-containing liquid. However, the solution bleached to a clear yellow color within a
12-hour period. Spectroscopic examination of this yellow liquid showed no absorption bands due to UfIV)
nor did it exhibit the characteristic peaks of the UO + ion in the visible region 14[.

The first low energy absorption band for this yellow liquid (Fig. 1) is observed at 392 nm (25.51
kK) with a half-width (6-) of 3.79 kK toward the lower wavenumber side, and it is indeed due to the
electron transfer transition of U(V)(5t') in our basic melt. The observed spectrum profile is iJentical
with that reported by Ryan 151 for a nitromethane solution of (C-2 Hs) 4 NUCIG, where the predominant
species is UCI-. The first electron transfer band for (C 2 H6 )4 NUChl occurs at 25.3 kK giving a value of
2.16 for the optical electronegativity (Xu,o.) of U(V) in the hexachloro complex. Using our experimental
value of 25.51 kK for the electron transfer transition we calculate the value of X.,SoT as 2.15 for U(V),
which is in excellent agreement with that obtained (2.16) by Ryan for the UCI- complex. A comparison
of our electron transfer spectrum with the closely related distorted octahedral species like U2Cl1 0 and
UCh&.AIC 5 identified in the gaseous state for a mixture of UC16 and AIC13 between 400 and 800"K 161 is
not possible due to the lack of the spectrometric data on these species in the UV region.

We now have to address the nature of the oxidising species present in our melt that is able to oxidize
U(IV) to U(V). The usual impurity present in AICI 3 is Fe(Ill), which may easily be involved in the oxidizing
reaction. However, the AIC), (Alla Products 99.997% parity) was sublimed and the Fe(lII) impurity was
found to be below the limit of cyclic volatammetric detection. In our case, the species responsible for "-
the oxidation of U(IV) is believed to be the proton (H') generated from the minute amount of water
present as water of crystallization in MEIC and acting as a strong oxidizing agent in almost-anhydrous
chloroaluminate melt. NMR and infrared studies confirmed the presence of water in the sample of MEIC
and in the 0.4 melt used in this study.

Our attention was drawn to a recent study by DeWaele et al. [71 who have investigated the redox
behavior of U(IV) in a chloroalummate system similar to otrs, !N-(n-butyl)pyrdinium chloride (BPC)-
AIChhI, but in a melt composition of 0.33:0.66 BPC:AICls mole ratio. They believed to have found evidence
of the presence of a hexachloro complex of 11(V) in their melt forn a study of the electronic transitions in
the near IR region. It in, however, very unlikely that at their BPC:AICI, ratio a considerable amount of
UCI- has formed. Although the observed f- f spectrum J71 is certainly due to a U(V)-cliloro complex, it
does not appear to be due to the UCI- moiety. A more likely candidate in their melt composition is the
UC16 -AICI13 species.

- 1986 VCH Publishers, Inc.
Manuscript received September 30, 1985: accepted October 24, '985 195
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FIGURE 1. Electron tranfer spectrum of U(V)-hexawdoride (--0.035 M) in basic (0.4) MEIC-AICI3 melt
at 25"C; pathlength 0.2 mm.

Detailed electrochemical and spectroscopic studies on U(IV) and U(V) ions in basic and in acidic
MEIC-ACI3 neel t are in progr and the results will be reported elsewhere-

This work was performed under an Air Force Wright Aeronautics/Aeropropulsion Laboratory con-
tract. The author wishes to thank Prof. G. Mamantov for drawing his attention to the work cited in
Reference 171.
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Resistive Electrode Effects on Cyclic Voltamnmetry

R Gerold Keil

Det'rment ,)r Cherntsrrp. UnttverSli 4 of Daitori. Daistori. O~hio 45469

ABSTRACT

The effec, friar distributed resiance- within a Lhill film wo~rkintg elec ttiode wouid have uptin a re-sulting C% (II,
voltammograrrm has i.een deterryiineki tirough urn u,ation using the h ritt difference approach Electroc resistaiitA
causes the -vchtc volt.,rniografn 1,)r a rever sihie eiectroctie'nu 14 reaction to appear quas.i-reversihie bs% an amount Q-a

Sp roportional to the -,ectroov e,,Lsiance Itic effect, oif thie lacilit% if fit' eiectrodle Kinetics and distrinuted eiectr ...-
rf-iStan P~ e ipot. the .riate (it Int.vi 0 i( ,itamitog ramn were deit-rmitiet Till simulation c onsidered mass tratnspor- t-,
liffusicin brth norma. atA pda-lil t,' t, Iitrwite %a! htv

In recent times tricreacit -ftort ritis been devoted to the pitenlial at a givrt point. in the eiectrode 10 dlfe!
techinicai areas Ahicri nas utiiizve ltit !him eiecirtides ti frtom tia! of the potentiiistat We examirie here the it~t
cluding thinhfi ni batteriec etectrt pill resonance el.tria! electrode resistatice and elect rode geometr% hivje
optically transpateot electrode ;v,.!Tvm aria aispiaN tle upon the numerical vaiue of AE of cyclic voltammograns
vices While the eittriicnemws it g--iit-ail able to 00o for o0th re,,erstlle and quasi rvers;ibie etectrochierica.
pen-,ate for lmuuior, I R v ied insidieratitin must proiies5 S-ee the List of Svrmihols for the definitiot fir
bie giver, if a ignifican,: rescitanie t' pirfseht withint the sv'mroi used
electrode material itself Thie results, (it at tuiirientaii in etoin eerod-Ciiierhaacyl vtr,
vestigatiiin into the intterta .." eoreirs anti cnarro tiogram ICV, is to he ohtairied at a working eiectt ,te
transfer kinetics can tie erroneous if !-lution I R losses are nci copsiofang(10-m.arw1 1c .ar,
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maf piThe onrteelectoad triwoth- eicsciitat to i n this analysts that such a film electrode have sipprirt
madeThepreenc ofa iistihtretresstace iliiS4itt from a rioncnluctive sutstrate We consider further tha!

tf:,-trochmA S- te' A, !o,' %te i 'i to mnanifest the es irene piutentiosiatic contact to tme
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electrode is made at only one end. it I the initial potential less parameters. The dimensionless current at an eiec
is sufficiently positive to preclude electrocherrucal reac- troae element ) is given by
tuvity: and (iit) the reaction Ls electrochemically revers- - l -1nFACDl (6]ible Z d nAC' 6

We begin with the oxidized form 0 of the couple pres- Combinauon of Eq [5] and (61 gives

ent within the solution. At the commencement of the CV,
the potential begins to change to less positive values, At R~,t,"- oA.Z,

some point. the faradaic current will become nonzero 7FACD: Nw'd,

and. at that point. a voltage gradient will exist within the
electrode. The change in potential at a given point in the Noting that A, - A,/N and A, - 1w yiel,,s

electrode will exist within the electrode The change in

potential at a given point in the electrode will make the Z- nF[CD8

potential less negative than the point at which electrical &, N-,' -d 18i

connection is made from the potentiostat Consequently,
the ratio (RIIO] at this point is also less. Finally, division of both sides of the above expression by

The total current that passes through a given location in RTIF and utilization of the relationship i, - iE, - L.)v

the electrode is a combination of the current from the gives as an expression for the dimensionless potential

portion of the electrode still further removed from this lo- drop across a given electrode element due to the passage

caton plus the faradaic current present at this location, of current

The exact relationship between potential, resistance, and R.,t,F pnPCD' t,'

current can be obtained if we consider the working elec- - - Z, fil
trode to be divided into "N" electrode elements with an RT RT(E, - E,)"N'd "

equal resistance between them. The potenual of the first S
electrode element E, is set by the potentiostat. but the po- The quantity in brackets i, the dimensioruess resistance

tential of the second electrode element will be dependent parameter, which related all quantities in the physical ex-

upon the resistance within that element mulJtipied by the pernment for an electrode with rectangular geometry

total current which passes through it Therefore Simulation -n this study, we considered that. initiall-.

E. - E, R.(tIt, * [I] only the oxidized form of the redox couple is present in

solution. and that the initial voltage scan will be towards

E, - E, - R.,(L ,. a,) + R,(t, * t . + t) more negative potentials At the commencement of the
[21 CV, all points on the electrode surface are equipotenual

with the applied potential. If a nonzero [aradaic current is
and since all R, are equal, we can write as a general ex- present, the electrode elements w.ll differ from the ap-

pression plied potential by an amount that depends upon the total

E, - El,, + R~t, + t,., + . t) (31 current passing through each element as well as the direc-
tion of that current Dunng the negative scan, the poten-

For sufficiently large values of either current or resist- til of each electrode element is more positive than the

ance a given electrode element may be sufficiently posi- -oac eletoas lnent is resnt

tive that a faradaic process does not occur at that elec- With a nonzero faradaic current present. the reversal po-

trodle element.•ihanneofrdi uretpeet h eeslp-
taemnt.fiI t tential, E , is also expected to be different for earn e1ec

trode element. The electrochemicai events that are possi
given electrode element with resistivity p, length AL, and ble at an electrode element removed from the contact
cross-sectional area a - dw equals element will depend upon the potential that is present at

pAl po that element. This. in turn. will depend upon the IR drop
R .... [4[ between it and the electrode element at wtuch electricala aN

contact is made to the potentiostat. If the potential of an
Noting that each electrode element is of width w. length electrode element is sufficiently positive electrocnemi-
.11 ano has an electroactive surface area A - Alw - AJN. cal reduction will not take place at a portion of the elec

one owtauns as an expression for the resistance of each trode.
electrode element An iterative numerical simulation of the cyclic voitam.

moRram allows the I-V benavior of the electrode to ne
- P A JJw d [5] computed for a given value of the olmensioniess retist.

D:mennomiess parameters -The analysis of resistive ef- ance. Programs were written in Fortran V and simulated

fects within an electrode was conducted using dimension using the hnite difference approach il-T1 Tvpicallh. the

program utilized several hundred iterations and up to a
thousand eiectrode elements the number reduired heink

_______O_ __GO________ a function oi the dimensiorness resistance Efforts w,re

il ± r made to minimnize the numtber of electrode elements used
'F ' "" .. ... and. therefore, the computing time The number of pie(•

2 . trode elements used was increased 1n multiples of ole

- , ,hundred until the resulting changes in .1E. differed ;ebs
_-, , i,'. 'than 5% from the next smaller number of electrode e:e-

,.- .' ments used Typically, a program required some 600s

CPU time
-~i~ A pOlIOsTAr Algorithms based on Eq j3] were used to assien a po-

SO0-'ON; PASE'" tenual to an electrode element The worKing electrode
.otfNTIOSTT "-LCTOON was divided into N elements, and each was assumed to oe A

, 7URFN a thin. uniform, and continuous metallic film Since each

", "I' , electrode element mat have a different potenual, the ratio
____ _ of oxidized tn reduced form at eacn is expected to var-v

_. The solution priase was divided into a two-dimensioinal

. _. -1 array Diffusion, the only mass transport mecnanism c nr,-

FOUI AiNtf. :'cuV idered in this work. was assumed to be nonlinear. i e .

q _TANGULAR :;RCUL:R diffuslon both normal amd parallel to the surface oi the
V,rKlnR electroe CJpaciance ellects nPrc no inclul"I

F,q I Flectrode qeoe e,es tot rectangulor and circulo .olkq tPcaut 'h,v are a constant Ptl )rriinj, 'o the qw- el•

Oia~tO e 'ale .I, r]It. nir tlnl and JIlio g,)u. probiem invoivltin "i

A -4
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lution resistance within electron spin resionance cells was
considered preiously (8)' using an alternative method.,
The classical paper of Nicholson 9) was one of the first rho 0-i?
to yield quanutative results for the analogous solution re-
sistance problem. The analogous problem of uncompen-
sated solution resistive effects present in thin Layer elec-
trochemnical cells was considered previously for the
potential step and current step experiments using the soaico
simulation technique. The authors (10) found that nonuni- oGie r
form current densties resulted along the working elec-
trode because of high electrolyte resistance. They dId not
consider cyclic voltammetry. The unusual current re-
sponie from their simulated chronoarnperometnc data is
seen also in our simulated CV's We do nut believe that I Z
there is any fundamental distinction between distributed ~i ~ ,
resistauice arising from electrode resistivity and distrib-

t uted resistance arising from nonuniforni current densities
in solution within a thin layer cell

The simulation commences with the assignment of the
most positive potential to each electrode element and the RUI
calculation of the resulting dimensionless current at each.af mfe
For the second iteration, the potential of the first elec-
trode is again assigned, but the potential of the second 0
electrode element and all others are computed using the
total dimensionless current from the previous iteration.,
Z(K - 1). The faradaic current at a given electrode ele-SE N010

ment removed from the contact electrode element may be
pester or less depending upon the potential at that ele-6-)
ment relative to the standard potential for the redox pro--tIPU
cess under consideration. Equations (31 and (9) show that,..__________________
for the PKth iteration, the dimensioniless potential of elec- Fig. 2. Flow chtart of digital simulation program
trode element Iequals

E{j. K) - E~lj - 1. K) + fZ,)(RH-O) 1101 ti-ode element and one removed. The data are presented
In this equation in terms of the potential of the first ellectrode element

The simulation produced a marked shift in redox peAK
N I potentials and currents for electrode elements affected hv

Z,- ZiK . ) N - 1111 resistance. Lastly, in Fig. 3D we see the cyclic voltamnino-
gram that results when the CVs for each electrooe ele-

and RHO is the dimensionless resistance paramleter tEq. ment are considered and averaged (Fig. 3D-1l For corn-
[9D. For a given iteration. once the potential for a given parison. the CV obtainedalunder identical conditions. but
eiectrode element has been assigned, the faradaic current
at that element is determined, and the concentrations of[
eilectroactive components irs each solution box are ad- 040 -o
justed for diffusion. This new concentration then be- [- -
comes the old concentration in preparation for the next it- ao 2

-ration. A flow chart of the digital simulation program is

The results of the computer simulation of resistive elec r> /
0roeeffects are shown iFig. 3) for a worKing electroie .J20

with a Olmensionlesi resistance equal to 15 Vieweai-
FO ie.Fg 3A indicates the potential of a particular

aor)(lng electrode ejer-nent at a given time titerationi The 94 c--- 0
aistributea resistance within the electrode causes the po- 3 / os

eniiscan to be nonlinear The most dramatic portion iZO ~ / ,>
arr-owl occurs with the comnmencement of significant ,,7V o
araciaic activity at electrode elements close to the contact 1o0 0-~--. -

njemnent. For an eiectrocnemicailv reversible reaction this -1-
-tioiineartty wiil oettrolv the dependence of the faradaic 12 0 z

* urreni -)n the square root of the sc-an rite We note Ilir !0...j'i
her tai the reversal potenial_. , is dififereni for earn el - 14

-ment and. siluarly. that, at the completion of the posi- 0 20 iS 0 - 01 0 )25 - 1 DC t

.11e1 ran the potentials if the neetrode elements are .'o'rfit. OF -ST .tr~ i

itiereni These effects heroine more 'Iramati c-i tiin
reasec restistance Figure 3B stiows the current-time -pu Fig 3 Illuitaltan cil the cyclic -oitotnmoqran. itsuits obtained

entlatl response to the appliedl potentials for 'he firsti sing the finite difference methtod for a tocile one-iflectron redo. it a

no t-ko-nundredts electrodie element It -. ouid he noteCc] j ~i h 0ilt~t a 5 f" - 0 OV T - 298 15 K N - 00

-tere nat the maximum dimensionless -urtent. 0 510, A- OO RH-b IS Plot% A and B and Poati C aha D have the iotno

e"as zrIe value )3 4463. for the -Jirrent fuinction notaini abscissa rectie~ly Clocise, trom tint quadrant~ Plot A potenroi
,or evie-sile carg transtr I 1YWe sll.thate~etroce t a given electrode element ti1l contact electrode element, t2l ofti-
or evrsilechagetrnstr 111Wese tht tecr hu ndredth element 31 P.o-hurstedt, :eflent Plot B ,,ttthin

-lements removed from the first exhibit cathodic peaKt ~doa C .,en at on elettjo eIme- "t a given f~..# tpotfent.0.
s)otentlais more negative as well as inoic pelli noletilS 11) ca Cot0d eet 21 tw-ht-id-edth electrode elithnent
-s-ore :!ositive lhan in the anseoi-e of the tectmoe re-o~st Plot C. triulti; (00, noitommocirares ItI) cotact electrode element
ince -~suv. ve note that 'nectrodle re'sistance results tn Q) tWO.ticillrdth friftirOdO element Plot D cvoic nnitommngfam.
loncvl- IL 31 structure iarrow i in The nilitert tunc- In Fre , I overnqe of dimonlionitsi cotrrenrl Over N 011I*f,'ise elements

.1 ;C omnfire, the two pled usw 'girec IA anll hi in a~, comnw.on, , ... ,atea ,n*,S-bi* C-h, 0 orroo nC

mmr a . ic - in'riV 3 R ,nt 't,) fi - ta mii i - de"Itrot * Cooroni *,(ifi ot hat d,m@frllO,O0., 1-110n-.009 tu e'n
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in the absence of resListance (Fig. 3D-2). is included. We next considered a thin film electrode with circular georn-
se that the effect that electrode resistance has is to alter etry (Fig 1) and with etectrical contact to the potentiostat
the shape of the resulting CV by increasing E,, to slightly at the center It. us obvious that the resistive problem can

increase the peak currents. and to produce structure far- be eliminated by using a conductive substrate, but that
rows) as if additional eiectrocherrucal reaction(s) were was not the intent of this worK. While the resistance for a
possible. In a sense they are. An added peak(s) appears material of rectangular geometry is given by Eq (41, the
because the potential of electrode elements removed from corresponding resistance expression for a thin film eiec-
the point of electrical contact lags the potential at the trode with electrical contact at the center (forming elec-
potenUostat trode elements of concentric nngsi is obtained through

The effect that resistance has upon AE, for a reversible solution of the Laplace equation (Appendix). The expres-
and a quasi.reversible electrochemical reaction is shown sion for resistance equals isee Eq [A-9D
in Fig. 4a. in which the peak potential difference Ls P
plotted for each as a function of dimensionless resistance. R - in r,,;r 12J
The dependence appears quadratic and significant. Re- 2nd

cailing Eq. 191) that the dimensionless resLsance is exphl- Using reasoning idenLcaj to that used for an electrode
citly dependent upon ti 1. we can present the peak separa- having rectangular geometry, it can oe shown for the cir.

tion as a function of sweep rate (Fig. imb). This result is cular electrode that

significant as a method for the diagnosis of resistive ef- ReF pnF'A.CD",2; - i i'.
recta within a working electrode. For a simple case, con- W Z, In irj,_j [13

sider a redox couple whose well-established electrode Ki- RT 2waE, - E. RT'

netics at platinum are to be studied at a thin film Comparison of Eq (9) with Eq 131 yields
piatinum electrode. The measured peak separation would
enable calculation of the resistance of the film (Eq. (91) A.(21 - 1)
Alternauvely, for a system under study at a thin film RHO(circulaxi - R.HOfrectanguiarl In r,/r,)
electrode for which neither the electrode kinetics nor
film resistance have been determined, the measurement [141
of _%E, at two (or more) sweep rates would allow a deter. As the values of r, an r,_, increase their ratio must ap-
minaUon of k

- 
and the film resistance to be made. Con- proach unity Therefore, a circular e.ectrode with a singie

versely. a researcher who is unaware of the effect that centrally located point for eiectncal contact should pres-
eiectrode resistance has would necessarily underestimate ent less of a resistance problem tFig I). Our simulations
the value of the electrochemical exchange rate constant, have confirmed this observauon

A word of caution is necessary to those who use itera-
tive methods of computation. The changes in the system Summary

between successive iterations must be sufficiently small The effects that distributed resistance within a thin

to preclude oscillatory behavior. Recall that. in this anauy- film worKing electrode has upon a cvcic voitammogram

sis, we begin with the oxidized form of the redox couple have been determined through oimulation using the

present. and that we begin with a potenual scan in the finite difference approach The effects are worse if the

negative direction. Specifically, if the dimensionless re- working electrode is long and thin. and if electrica con-

sistance of each electrode element is too large, then, when nection to the potenuostat Ls made at only one end. We

significant faradaic current commences at the first elec- found that the observed effects would not be found in a

trode element, that current (times resistance) will produce circular e!ectrode, even if very thin. The problem ,was

at the ao)acent electrode element a potential that is post- simulated in terms of dimensionless parameters. The

tve of the value it had during the previous iteration. This presence of distributed eiectroda resistance allows a

will reswt un a negative kanodic) current. This oscillatory norlinearty in the triangular wave to occur, resulting in a

behavior will be propagated over the N electrode eie- maximum value of the dimensionless current which ex-

menLs This effect can be circumvented in part by maxing ceeds the current function for reve.-ible charge transfer
N sufficiently large tEq j9j) We chose to use the average Electrode elements remote from the first exnbit cain-
current from the previous iteration. ZiK - 1), or. ateria- odic peaK potentials more negative, as well as anouic
tiveiv. the current function from the first electrode ele- peaK potentiais more positive, than expected Ln the an-
ment to compute the potential of a given electrode eie- senre of listributen eiectrode resistance In addition.

nment for the Kth iteration nonclassicai structure within the C',V was observe" as a

7he -esuiLvs. to this point, have heert imitea to a thin direct effect ot the eiectrooe resistance The eiectrodie Ki-

film working electrode with rectangular geometry We netics for ar Piectrocnemicaiv wed-defined and other-

wise reversible relox coume -ould easil' be thouRnt

quasi-rever.inle as determined from .1E,. Use ot two or

I more) sweep rates would allow a determination of both c-

soh .' and the film resistance to be made
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the Laplace equation. In this model (Fig. 1), the electrode E dimensme-s pontntal
is of t"uckness d and of radius r. Electrical contact is E, Lnitial potential
made only at the center of the electrode. Taking the La- E rever-jl potential
place equation - E electrosauirc fleld. V/cmdVr) 1F Faradayr3 constant, CJnol

r /7- 0dt/t) g conductivity, [l-cm
d [r -(-A- electron current. A

a electrochemical current, A
integrating twice and simplifying gives j lr) current density. AJcml

V.- V, - C, In (r/r,) [A- electrode element
CA-2 K iteration number

Therefore k' electrocnemical exchange rate constant, crrus
L total number of iterations •

], - V) L electrode length. cm
C, V - (A-31 N total number of electrode elements within electrode

In (ri/r,) n number of electrons
POTNOR dimensionless electrode potentialIn terms of r, where r', - r 4 r, R resistance. fl
VR electrode element restistance, fl

V(r) - V + ( n, (r/r,) [A4j RHO dimensionless resistance
,) RKS dimensIonlets electrocnemcal exchange rate con-

stant
The electrostatic field E equals r, radius of ith electrode element, cm 0

p resistivity, fl cm
-dV (V, - V,) I t, Ume of experiment. s

- R In (r./t,) r [A-51 T temperature. K
U sweep rate. V

The charge flux is equal to the product of the conduc- V potential. V
utwry and the electrostatic field W electrode width. cm

Z, dimensionless faradaic current at electrode element

J", (V- VI) 1- [A-6.(r) - - V -[A] Z(K - 1) total dimensionless faradiuc current for the
In (r.r,) e ~i~ iteration
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